INTRODUCTION
Flavonoids are a group of heterocyclic organic compounds that occur widely in the plant kingdom and possess a diverse range of pharmacological properties (Middleton and Chithan 1993; Harborne and Williams 2000) . Preparations containing these compounds as the principal physiologically active constituents have been employed extensively in the treatment of human disease (Havsteen 1983; Cushnie and Lamb 2005a) . The flavonol galangin (3,5,7-trihydroxyflavone) is an antimicrobial component of at least two such preparations. Galangin is present in propolis (Pepeljnjak et al. 1982; Grange and Davey 1990; Bosio et al. 2000; Hegazi et al. 2000) , a resinous substance sometimes referred to as 'bee glue' because of its function in nature, or 'Russian penicillin' following its clinical success as a wound ointment in the USSR (Fearnley 2001) . Galangin is also reported to be one of the major constituents of Helichrysum aureonitens Sch. Bip. (Asteraceae), a perennial herb used by South African indigenes to treat infection (Afolayan and Meyer 1997) .
Recent investigations have shown that galangin has antistaphylococcal activity, with MICs of 25
to 50 µg ml -1 against antibiotic sensitive Staphylococcus aureus (Cushnie et al. 2003; Cushnie and Lamb 2005b) , MICs of 50 µg ml -1 against penicillin and methicillin resistant S. aureus (Cushnie et al. 2003) , and MICs of 50 µg ml -1 or less against quinolone resistant S. aureus (Cushnie and Lamb 2006) .
Inhibitory activity against enterococcal species and strains of Pseudomonas aeruginosa has also been reported but at quite high concentrations, approximately 240 µg ml -1 and 170 µg ml -1 respectively (Pepeljnjak and Kosalec 2004) . The mechanism(s) of action underlying this antibacterial activity is not clear, but data is available to indicate that inhibition of topoisomerase enzymes (Cushnie and Lamb 2006) and cytoplasmic membrane perturbation (Cushnie and Lamb 2005b) are both possibilities.
In addition to the above work, time-kill studies with galangin have shown that MIC levels of the flavonol are capable of causing decreases of 1000-fold and more in colony counts of antibiotic sensitive S. aureus NCTC 6571 and β-lactamase producing S. aureus NCTC 11561 populations (Cushnie et al. 2003) . Recent MBC assays by Pepeljnjak and Kosalec also indicate that the flavonol reduces colony counts of S. aureus below minimum detectable levels (~100 cfu ml -1 ) when used at concentrations of one to two times the MIC (Pepeljnjak and Kosalec 2004) . Viable count reductions of this magnitude (NCCLS 1999) at one to two times the MIC (Prescott et al. 1999) would immediately appear to suggest that galangin activity is bactericidal. Ikigai and colleagues report that the flavonoid (-)-epigallocatechin gallate induces aggregation of bacterial cells however (Ikigai et al. 1993) . If this effect is also caused by galangin, then it raises the possibility that the decreases in colony counts noted in time-kill and MBC assays may have been caused by bacterial cells clumping together rather than flavonol-induced cell death. In order to address this uncertainty, and gain insight into the antibacterial mechanism(s) of action of galangin, the present study examined flavonol-treated populations of S. aureus for aggregation. 
MATERIALS AND METHODS

Chemicals
Bacteria
S. aureus NCTC 6571 was sub-cultured and maintained on Iso-sensitest nutrient agar. Bacterial cells in exponential growth phase, prepared in Iso-sensitest nutrient broth, were harvested, washed and resuspended in aqueous 0.9 % (w/v) sodium chloride as described previously (Cushnie et al. 2003) .
Examination of S. aureus populations for decreases in colony forming unit numbers during incubation with galangin
Time-kill assays were performed with galangin so that a suitable flavonol concentration and treatment time could be identified for subsequent light microscopy studies. A variation of the method described previously was used (Cushnie et al. 2003) . In brief, experiments were carried out as before but flasks of Iso-sensitest broth supplemented with 50 µg ml -1 galangin were prepared after S. aureus NCTC 6571 had been harvested and enumerated in order to minimise any flavonol degradation. Also, the cell density of S. aureus was elevated from ~5 x 10 5 to ~5 x 10 7 cfu ml -1 so that bacterial numbers would be at a readily detectable level in the work that followed. Time-kill assays were performed in duplicate to verify the reproducibility of results.
Examination of S. aureus populations for galangin-induced aggregation using light microscopy
Two sterile 100 ml glass flasks (Pyrex; Fisher Scientific UK Ltd.) were prepared containing 10 ml of distilled water and 10 ml of aqueous 0.05 % (w/v) sodium carbonate solution respectively. Following bacterial harvest, washing and enumeration, 10 ml of 100 µg ml -1 galangin solution was prepared in 0.05 % (w/v) sodium carbonate solution and pipetted into a third sterile flask. At this point, 35 ml of sterile double strength Iso-sensitest nutrient broth was measured out and inoculated so as to contain ~1
x 10 8 cfu ml -1 S. aureus NCTC 6571. Ten ml aliquots of this bacterial suspension were then pipetted into the three flasks (bringing the total volume in each to 20 ml), and the flasks were shaken in order to mix the contents and evenly distribute the bacteria. Four 25 µl samples were removed from the flask containing broth only, and applied to the surface of two clean and suitably labelled glass microscope slides (Blue star; Chance Propper Ltd., Smethwick, UK.). In advance of the experiment, these slides had been washed with detergent (Instrument washing detergent; DiverseyLever, Northampton, UK.) and 70 % (v/v) ethanol, then rinsed with water and allowed to dry, before being marked on their undersides with two 1 cm (diameter) circles and labelled appropriately. Following 60 min orbital incubation at 37°C and 100 rpm (IOX400.XX2.C; Sanyo Gallenkamp PLC, Loughborough, UK.), four 25 µl samples were also removed from the flask containing broth and 0.025 % (w/v) sodium carbonate and the flask containing broth, 50 µg ml -1 galangin and 0.025 % (w/v) sodium carbonate. Slides were then allowed to air dry at room temperature, before being heat fixed in a Bunsen flame and stained with oxalate crystal violet [100 ml of aqueous 2 % (w/v) crystal violet and 19 % (v/v) ethanol solution mixed with 100 ml of aqueous 1 % (w/v) ammonium oxalate]. Stain was left in contact with bacterial films for 75 seconds before being poured off and carefully rinsed away with water. When dry, the slides were examined by light microscopy (Unilux-11; Kyowa, Tokyo, Japan.) at x 1000 magnification using immersion oil (Type A; Cargille Laboratories Inc., Cedar Grove, New Jersey, USA.). In order to detect galangin-induced aggregation, the number of bacterial clusters present in each of the four films of untreated, solvent only-treated and galangin-treated bacteria were counted. Tallies were performed for clusters with a visible surface size of 21 to 40 cells, 41 to 100 cells and greater than 100 cells. It should be noted that a thin, darkly stained region around the circumference of each of the bacterial films was ignored during this tallying process, as it was impossible to unambiguously distinguish between bacterial cells and extracellular material / detritus in these areas. Also, to prevent duplicate counting of clusters, slides were examined by panning from left to right and right to left, counting those clusters protruding through the bottom of a field of view, and ignoring those clusters extending through the top of a field of view. In addition to performing these counts, representative photographs were taken of untreated, solvent only-treated and galangin-treated bacteria, using a Leitz DMR microscope and DMRD camera system (Leica UK Ltd., Milton Keynes, UK.). The above study was performed in duplicate to verify the reproducibility of results.
RESULTS
Examination of S. aureus populations for decreases in colony forming unit numbers during incubation with galangin
Time-kill assays were initially conducted using galangin at a concentration of 50 µg ml -1 [the MIC for ~5 x 10 5 cfu ml -1 S. aureus NCTC 6571 (Cushnie and Lamb 2005b)] . At this concentration, galangin was found to reduce numbers of ~5 x 10 7 cfu ml -1 S. aureus NCTC 6571 by 15,000-fold within 60 min incubation (Fig. 1) . In light of these results, 50 µg ml -1 was selected as a suitable test concentration, and 60 min an appropriate treatment time, for subsequent aggregation studies. Such a short incubation period, it was rationalised, would minimise S. aureus cell growth and the incidence of naturally occurring clusters in treated and untreated flasks.
Examination of S. aureus populations for galangin-induced aggregation using light microscopy
When samples of untreated and sodium carbonate-treated S. aureus were examined by light microscopy, bacteria were found to be quite evenly distributed across the surface of each film, and typically occurring as single cells, cell pairs and to a lesser extent small clusters (Figs. 2a and 2b ).
Large clusters of bacterial cells were observed infrequently in these samples. Of those large clusters that were seen, many had an elongated appearance and occurred in close proximity to each other in 'veins' running through the film (Fig. 2c) . Given their appearance and location it is thought that such clusters represent artefacts of sample preparation, probably formed as a consequence of cells pooling together during evaporation of moisture from bacterial suspensions. Samples of galangin-treated S.
aureus had a very different appearance when examined by light microscopy. Instead of single cell, cell pair and small cluster formations, the majority of cells observed in galangin-treated samples were in large clusters (Fig. 2d) . These clusters did not resemble the elongated cell associations seen in untreated and sodium carbonate-treated samples. They tended to be rounder in shape and larger in size. In addition, clusters observed in galangin-treated samples were quite evenly distributed across the film (not in 'veins') and much more frequent in occurrence (Fig. 3) .
DISCUSSION
Time-kill assays conducted in the present study indicate that 50 µg ml -1 galangin is capable of causing a 15,000-fold reduction in colony forming unit numbers of ~5 x 10 7 cfu ml -1 S. aureus NCTC 6571, during 60 min incubation in Iso-sensitest nutrient broth (Fig. 1) . From these results, 50 µg ml -1 was identified as a suitable flavonol concentration, and 60 min an appropriate treatment time, for discerning whether or not galangin induces aggregation of bacterial cells. In the light microscopy studies that followed, it was found that the general appearance of samples of untreated and sodium carbonate-treated S. aureus differed greatly from those of galangin-treated S. aureus. Bacteria from untreated and sodium carbonate-treated samples were typically observed as single cells, cell pairs and small clusters (Figs. 2a and 2b) . Bacteria from galangin-treated samples, by sharp contrast, were almost exclusively seen in large cell clusters (Fig. 2d) . The results of tallies indicate that large cell clusters present in flavonol-treated samples occurred in much greater numbers than the 'background' levels of clusters detected in untreated and sodium carbonate-treated control samples (Fig. 3) . Results also show that cell clusters present in galangin-treated samples tended to be larger in size than those in untreated and sodium carbonate-treated samples (Fig. 3) . Data presented here strongly suggests that galangin causes aggregation of S. aureus cells.
Findings from the present study lend support to Ikigai's argument that some flavonoids induce bacterial aggregation (Ikigai et al. 1993) , and raise interesting questions about the antibacterial activity of galangin. With regard to whether galangin's activity is bacteriostatic or bactericidal, this remains unclear for now because the 1000-fold reductions seen in viable counts of antibiotic sensitive and β-lactamase producing S. aureus (Cushnie et al. 2003) , and the decreases in viable counts noted in MBC assays (Pepeljnjak and Kosalec 2004) (Sakanaka et al. 1989; Kono et al. 1994; Xu and Lee 2001; Verdrengh et al. 2004; Navarro-Martínez et al. 2005; Lin et al. 2005) and MBC assays (Tsao et al. 1982; Mirzoeva et al. 1997; Wahdan 1998; Bosio et al. 2000; Koo et al. 2000; Basile et al. 2000) with natural flavonoids and flavonoid-rich phytochemical preparations. On their own, one thousand-fold decreases in colony forming unit numbers can no longer be used as a reliable indicator of bactericidal activity for this group of natural products.
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